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bstract
Nanofluids are tailored suspensions of nanoparticles in a selected base fluid. Nanofluids provide advantages including high thermal
onductivity, electrical conductivity and optical absorption compared to the base fluid by itself, even for only a small volume fraction
f nanoparticles. The choice of the nanoparticles and base fluid is a challenge in order to achieve maximum absorption. In this work, a
ethod is suggested for selecting the best base fluid for TiO2 nanoparticles to yield the best nanofluid based on the Maxwell-Garnett
MG) effective medium approach.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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.  Introduction
Maxwell introduced the idea of microcolloidal sus-
ensions approximately 134 years ago [1]. Since then,
esearchers have investigated and applied microfluid
echnologies for heat transfer applications. However,
rawbacks such as sedimentation, abrasion, and wear
esistance have limited the growth of microfluids as
n industry. The birth of nanotechnology gave rise to
anosuspensions or nanofluids. The term nanofluid was
oined by Stephen Choi in 1995 [2] at Argonne National
aboratory, USA. Nanofluids are suspensions of nano-
ized solid particles (1–100 nm) in selected base fluids.
anofluids can be prepared in two ways: a single-step∗ Corresponding author. Tel.: +91 9442043043.
E-mail address: rajangamilangovan@gmail.com (R. Ilangovan).
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C BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).ell-Garnett model
method [3] or a two-step method [4]. The single-
step method is based on the simultaneous synthesis of
nanoparticles and nanofluids, and the two-step method
involves the synthesis of nanoparticles in the first step
followed by their dispersion in a suitable base fluid in
the second step. From 1995 to 2008, nanofluids were
investigated as a heat transfer fluid, with the best results
reported by Eastman and Choi [5]. Nanocopper with eth-
ylene glycol as the base fluid exhibited a 40% increase
in its thermal conductivity for a 0.3 vol.% of copper. The
increased thermal conductivity of nanofluids can lead to
the miniaturization of electronic devices and the ability
to provide the required electronic cooling.
From 2009, nanofluids have been experimentally and
theoretically investigated for their electrical properties.
Investigations have proven their highly conducting prop-
erties compared to their base fluids [6–8]. Magnetic
nanofluids with a tunable thermal conductivity and vis-behalf of Taibah University. This is an open access article under the
cosity were investigated by Philip [9]. Nanofluid optical
properties were investigated by Taylor [10] for efficient
direct absorption solar collectors (DASC). The success
of nanofluids for DASC depends on the appropriate
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Table 1
List of materials investigated in this work.
Nanoparticle Volume fraction of nanoparticles Base fluid Nanofluid
TiO2 0.1–0.2 Water TiO2–water
Ethylene glycol (EG) TiO2–EG
Propylene glycol (PG) TiO2–PG
Table 2
List of samples investigated in this work.
Sample Material Frequency (Hz) Temperature (◦C)
1 TiO2 + EG 104 20
2 TiO2 + EG 107 20
3 TiO2 + PG 104 20
4 TiO2 + PG 107 20
5 TiO2 + Water 104 0
6 TiO2 + Water 104 20
7 TiO2 + Water 104 100
8 TiO2 + Water 104 200
9 TiO2 + Water 107 100
10 TiO2 + Water 107 200
glycol were performed at the same frequency (104 Hz
and 107 Hz), but only at 20 ◦C due to the limited avail-
ability of theoretical data.TiO2 0.1–0.2 
TiO2 0.1–0.2 
choice of both the base fluid and the nanoparticles. The
best nanofluids should also have a high stability. In this
work, an attempt is made to identify the best base fluid
for a given type of nanoparticle to achieve the best optical
properties for efficient DASC using the Maxwell model.
2.  Experimental  description
The selection of best nanofluid for optical absorption
depends on the choice of both the nanoparticles and the
base fluid. The combination which gives highest dielec-
tric constant for the nanofluid is selected based on the
Maxwell-Garnett (MG) effective medium approach.
The Maxwell-Garnett approximation is used when
calculating the dielectric properties of inhomogeneous
materials or mixtures of materials. It is applicable when
one of the components is dispersed within a second com-
ponent. Nanofluids are solid nanosuspensions in a liquid
matrix. It is assumed that the nanoparticles are spheri-
cal or ellipsoidal to satisfy the MG model. Electrostatic
interactions exist between the different nanoparticles,
which can create charged dipoles and lead to distortions.
However, the field created by the distortions is assumed
to be uniform [11].
To select the best nanofluid for TiO2, water, ethylene
glycol, and propylene glycol were used as base fluids.
These fluids were chosen as a result of their being used
often in heat transfer applications. The volume fractions
investigated ranges from 0.1 to 0.2, as low volume frac-
tions yield high stability (Tables 1 and 2).
The different combinations of nanofluids and base
fluids investigated were grouped into 10 samples. Sam-
ples 1–4 include EG and PG as base fluids and were
investigated at 104 Hz and 107 Hz, respectively, and at
a constant temperature of 20 ◦C. Samples 5–10 were
water-based nanofluids and were investigated at 104 Hz
and 107 Hz with increasing temperatures.
The best fluid was theoretically calculated using the
Maxwell-Garnett effective medium approach in which:Eeff =  Ef [1 +  {(3fv[(Ep −  Ef )/(Ep −  2Ef )}]/{1 −  [fv{(EpFig. 1. Graph of the dielectric constants for water based nanofluids at
different temperatures and frequencies.
Eeff – effective dielectric constant of the nanofluid,
Ef – dielectric constant of the base fluid,
fv – volume fraction and
Ep – dielectric constant of the particle.
The dielectric constant of materials can change with
the temperature and applied frequency. In this inves-
tigation, the dielectric constants of the nanofluids are
studied at a constant frequency of either 104 Hz or 107 Hz
over a temperature range from 0 to 200 ◦C. The dielec-
tric constants at different temperatures and frequencies
are shown in Fig. 1. The investigations of the dielectric
constants for nanofluids in ethylene glycol and propylene−  2Ef )/(Ep +  2Ef )}],
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Fig. 3. Graph of the dielectric constant of PG-based nanofluids at 20 ◦C
and different frequencies.ig. 2. Graph of the dielectric constants for EG-based nanofluids at
0 ◦C and different frequencies.
.1.  Analysis  of  the  dielectric  constant  of  the
anoﬂuid
The dielectric constants of the ethylene glycol and
ropylene glycol were assumed to be 37 and 32 at 104 Hz
nd 107 Hz for a temperature of 20 ◦C, respectively. The
ielectric constant of TiO2 was taken to be 200 and 160
t 104 Hz and 107 Hz, respectively. The volume fraction
f all of the nanofluids was varied until reaching 0.2.
his is because higher nanoparticle volume fractions can
ead to sedimentation and agglomeration, as indicated in
revious investigations [12].
.2.  Procedure  for  analysing  the  dielectric
roperties  of TiO2
Sample 5 included a TiO2–water nanofluid at 104 Hz
nd 0 ◦C. The dielectric properties for this sample were
valuated using the MG equation with the following
roperty values:
eff =  Ef [1 +  {(3fv[(Ep −  Ef )/(Ep −  2Ef )}]/{1 −  [f
Ef = 88 at a temperature of 0 ◦C,
Ep = 200 at 104 Hz and
fv = varied 0.10–0.20 in increments of 0.05.
The effective dielectric constant was evaluated using
he above values and varying the volume fractions. The
esulting dielectric constants as functions of the volume
ractions are shown in Fig. 1. The same procedure is fol-
owed for all of the samples, and the results are depicted
n Figs. 1–3.
.  Results  and  discussionsThe results indicate an increase in the dielectric
onstants for all of the nanofluids compared to their
ase fluids. Furthermore, the dielectric constants of the
anofluids are higher for the low frequency of 104 Hz.−  2Ef )/(Ep +  2Ef )}],
Fig. 4. Theoretical investigation of the dielectric constants of various
samples.
This is because the dielectric constant of the solid phase
(TiO2) in the nanocollidal suspension is higher at lower
frequencies, despite the dielectric constant of the base
fluids being the same at 104 Hz and 107 Hz. Thus, the
solid phase in the nanofluid is responsible for tuning the
dielectric constant of the nanofluid. Among the water,
ethylene glycol, and propylene glycol nanofluids, water-
based nanofluids exhibited the highest dielectric constant
at 20 ◦C for both the frequencies. Based on the results:
Ewaternf >  Eegnf >  Epgnf.
The dielectric constant of the water-based nanofluids
decreases from 211 to 82 for a 0.20 volume fraction as the
temperature increases from 0 to 200 ◦C at a frequency of
104 Hz. This indicates a dynamic electric response and is
associated with the optical response of nanofluids when
they are used as a working fluid in direct absorption solar
collectors.
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The dielectric constants for all 10 samples are shown
in Fig. 4 for a fixed volume fraction of 0.2. The water-
based nanofluids exhibit the highest dielectric constant
at 0 ◦C. The water-based nanofluids also exhibit high
dielectric constants at both frequencies and for all of
the volume fractions examined here. The water-based
nanofluids at 100 and 200 ◦C are assumed to be a two
phase mixture of solid nanoparticles dispersed in a
steam phase.
4.  Conclusions
1. Nanofluids exhibit enhanced dielectric properties in
the same ways that they show enhanced thermal and
electrical conductivities.
2. Water-based nanofluids have higher dielectric
constants than EG and PG for the same frequencies
and temperatures.
3. The dielectric constants of water-based nanofluids
exhibit a dynamic variation with temperature and
frequency, even when the base fluid exhibits no vari-
ations with the frequency.
4. From these results, we conclude that dielectric con-
stant of the nanofluid is tunable by adjusting the
[
[
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volume fraction of the solid nanoparticles at a given
frequency or due to the solid nanoparticles them-
selves at a given volume fraction.
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